The effects of β-1,3-oligosaccharide elicitor on the metabolism of phenylpropanoids in potato tuber were analyzed quantitatively, by monitoring the time-dependent changes in the levels of seven compounds. The elicitor treatment caused an increase in the pool size of octopamine and tyramine amides (N-p-coumaroyloctopamine, N-feruloyloctopamine, N-p-coumaroyltyramine and N-feruloyltyramine), as well as a decrease in that of chlorogenic acid and putrescine amides (caffeoylputrescine and feruloylputrescine). An analysis of metabolic flux using stable isotope labeling and liquid chromatography-spectrometry (LC-MS) detection clearly demonstrated that the changes in the pool size of these compounds were correlated with the changes in their flux for biosynthesis (J in ) upon elicitor treatment. The increase in J in in the cases of octopamine and tyramine amides was accompanied by an increase in flux for the transformation (J out ), indicating a rapid turnover of these compounds in the elicitor-treated tuber tissue. The result of the flux analysis indicated that the actual activation of the biosynthesis of octopamine and tyramine amides after the elicitor treatment was greater than that estimated from the changes in their levels in the potato tissue. These findings suggest that these amide compounds and their metabolic derivatives play an important role in the defense-related metabolism of phenylpropanoids in potato.
Introduction
The phenylpropanoid pathway is one of the most important plant metabolic pathways involved in the synthesis of defense-related metabolites such as antimicrobial substances and structure-reinforcing polymeric substances (Dixon and Pavia 1995) . It has been demonstrated in many plant-pathogen systems that this pathway is activated as a result of the putative recognition of the pathogen by the plant and, therefore, its regulation has attracted a lot of interest in relation to plant defense mechanisms. To date, extensive study has unveiled the molecular basis responsible for phenylpropanoid biosynthesis to a considerable degree, including genes, enzymes and the factors controlling the expression of the genes (Weisshaar and Jenkins 1998, Dixon et al. 2002) . However, there is still much to be elucidated as to the regulatory mechanisms determining the actual composition of metabolites in plant tissues.
It has been observed that the accumulation of phenylpropanoids, N-p-coumaroyloctopamine (p-CO) and N-feruloyltyramine (FT, Fig. 2 ), occurs in potato (Solanum tuberosum) in response to infections of the late blight fungus Phytophthora infestans (Clarke 1982 , Keller et al. 1996 . Their biosynthesis is also activated by tissue wounding and treatment with elicitors (Negrel et al. 1993 , Miyagawa et al. 1998 , Schmidt et al. 1999 , Matsuda et al. 2000 . These compounds are proposed to play a defensive role after they are secreted into the apoplast (Schmidt et al. 1998 ) and incorporated into the tissue cell walls producing a suberin-like polymer that reduces the digestibility of the wall (Negrel et al. 1996, Bernards and . The production of analogous hydroxycinnamoyl amides under conditions of stress is observed in many higher plants including tobacco (Negrel and Martin 1984 , Negrel and Jeandet 1987 , Villegas and Brodelius 1990 , tomato (Pearce et al. 1998) , poppy (Facchini 1998, Yu and Facchini 1999) , onion (McLusky et al. 1999 ) and barley (Louis and Negrel 1991) .
A series of findings, including a time-dependent increase in the amount of compounds (Negrel et al. 1993 , Schmidt et al. 1999 , Matsuda et al. 2000 , an increase in biosynthesis-related enzyme activities (Matsuda et al. 2000) and up-regulation of the expression of genes encoding those enzymes (Keller et al. 1996 , Schmidt et al. 1998 , Nakane et al. 2003 , indicate that the biosynthetic pathway of phenylpropanoid metabolites is 'activated' in the potato tuber by wounding or elicitor treatment. However, the amount of metabolite flow in the 'activated' pathway remains unknown, though this information is important for understanding the regulatory mechanisms for the phenylpropanoid pathway.
To analyze quantitatively the conversion of a metabolite, the concept of 'metabolic flux' has been developed in the field of metabolic engineering (Stephanopoulos et al. 1998 , Roscher et al. 2000 . Metabolic flux is defined as the amount of converted metabolite per unit of time, and the activation and inactivation of the conversion process are expressed, respectively, as an increase and decrease of flux values. Recently, we reported a method for determining the metabolic flux of two phenylpropanoid metabolites, p-CO and chlorogenic acid, in wound healing potato tuber tissue, using a stable isotope labeling technique and liquid chromatography-mass spectrometry (LC-MS) (Matsuda et al. 2003 ). This method gave both synthetic (J in ) and catabolic (J out ) flux values for each of these metabolites, which enabled a direct comparison of their biosynthetic activities. The flux analysis also demonstrated that a definite level of biosynthesis occurred for p-CO, although only a trace amount of p-CO was detected in the wounded tuber tissue.
In this study, we examined the metabolic activity of the phenylpropanoid pathway in β-1,3-glucooligosaccharide elicitor-treated potato tuber tissue, focusing on seven metabolites including p-CO and FT. The time-dependent changes in the levels of the metabolites were monitored. Then, values of J in and J out were determined for each metabolite to demonstrate quantitatively the effect of the elicitor on the activity of the phenylpropanoid pathway. The results also provided information on the legitimate sequence of the biosynthetic reaction for p-CO, the metabolite most prominently induced by the elicitor treatment.
Results and Discussion
Identification of major phenolic components in elicitor-treated potato tuber Fig. 1 shows an high-performance liquid chromatography (HPLC) chromatogram of the water-soluble components in the potato tissue treated with the β-1,3-glucooligosaccharide elicitor (laminarin). The wavelength of the UV detector was set at 320 nm for surveying the metabolites derived from the phenylpropanoid pathway. Seven peaks were observed and referred to as A-G, as indicated in Fig. 1 . Peaks D, E, F and G were identified as p-CO, N-feruloyloctopamine (FO), N-p-coumaroyltyramine (p-CT) and FT by co-chromatography with the authentic samples (Fig. 2) . For characterization of the other peaks, the extract was analyzed by LC-MS with an ESI inter- . At 24 h after the elicitor treatment, the potato tuber disks were extracted with 2.5 ml of 2% aqueous acetic acid and centrifuged at 7,000×g for 10 min. An aliquot (10 µl) of the supernatant was analyzed by HPLC. The line on the chromatogram denotes the time-programmed change to the mobile phase (the percentage of MeOH in water containing 0.1% TFA). The wavelength of the UV detector was set at 320 nm. Seven major peaks referred to as A-G were identified as follows: A, caffeoylputrescine (CafP); B, chlorogenic acid (CGA); C, feruloylputrescine (FP); D, N-p-coumaroyloctopamine (p-CO); E, Nferuloyloctopamine (FO); F, N-p-coumaroyltyramine (p-CT); G: Nferuloyltyramine (FT). were observed at m/z 251, 355 and 265 for peaks A, B and C, which agreed with those of caffeoylputrescine (CafP), chlorogenic acid (CGA) and feruloylputrescine (FP), respectively (Fig. 2) . The identity was confirmed by co-chromatography using standards (data not shown). The contents of biosynthetically related compounds such as caffeoyltyramine, caffeoyloctopamine and p-coumaroylputrescine were below the detection limits of LC-MS operated in selected ion monitoring mode. No dimers or trimers of these metabolites were detected.
CGA is one of the most widely distributed and abundant o-diphenol compounds in higher plants (Friedman 1997) . It has been proposed that CGA plays a defensive role (Ramamurthy et al. 1992) , and an increase in CGA levels following the infection of a pathogen Phytophthora infestans has been observed in potato tuber (Smith and Rubery 1981) . FP and CafP have also been detected in various plant species including potato (MartinTanguy et al. 1978, Leubner-Metzger and Amrhein 1992) . Although the biological functions have not been well characterized, these compounds are considered to play some role in plant defense, since their accumulation has been observed in potato suspension cultures after treatment with an elicitor prepared from P. infestans (Keller et al. 1996) .
The seven metabolites commonly have a hydroxycinnamoyl-moiety, which is derived from L-phenylalanine via the phenylpropanoid pathway (Fig. 3) . In this figure, the conversion from p-coumaric acid to caffeoyl-CoA is shown to occur through multiple routes. It has long been assumed that caffeoyl-CoA is synthesized from p-coumaric acid via caffeic acid, but to date no biochemical evidence for this process has been obtained in any plants. Recently, alternative routes were proposed, based on the characterization of a cytochrome P450 enzyme CYP98A3 in Arabidopsis, which catalyzes the 3′-hydroxylation of p-coumaroylshikimate and p-coumaroylquinate (Schoch et al. 2001 , Humphreys and Chapple 2002 , Hoffmann et al. 2003 . In these routes, p-coumaroyl-CoA is first converted into its quinate and shikimate esters by the catalysis of hydroxycinnamoyl-CoA:quinate hydroxycinnamoyltransferase (CQT) and hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase (CST), respectively Zenk 1979, Hoffmann et al. 2003) , and subsequently undergoes oxidation to form CGA and caffeoyl shikimate. The resulting caffeoyl esters then give caffeoyl-CoA by the reverse reactions of CQT and CST. More recently, it has been demonstrated that tobacco CQT is able to accept caffeoyl-CoA as an acyl donor, in addition to p-comaroyl-CoA (Niggeweg et al. 2004 ). This suggests that CGA could also be synthesized from p-coumaroylshikimate via caffeoyl-CoA. Although it remains to be tested whether such pathways are also present in potato, the exact route to each metabolite is not a necessary consideration in the flux analysis described below, in which all the pathways were assumed to consist of one-step conversion from phenylalanine (Matsuda et al. 2003) .
Effect of elicitor treatment on levels of phenylpropanoid metabolites in potato tuber
Among the phenylpropanoid metabolites, the treatment of tuber tissue with elicitor induced an accumulation of hydroxycinnamoyl tyramine and octopamine amides. Fig. 4D shows the time course of the accumulation of p-CO. The β-1,3-glucooligosaccharide elicitor was applied at 24 h after the sample preparation. p-CO was present only in a small amount at the time the tuber disks were prepared, and the level was almost constant in the control disks until 72 h. The level of p-CO was drastically and transiently increased by the elicitor treatment, reaching a maximal (73 nmol (g FW) -1 ) at 42 h (18 h after treatment, Fig. 4D ). Levels of other hydroxycinnamoyl tyramine and octopamine amides, FO, p-CT and FT, increased in a similar manner (Matsuda et al. 2000) . The maximal levels were, however, <5 nmol (g FW) -1 (data not shown). This activation of p-CO biosynthesis by the elicitor treatment affected the levels of CGA, FP and CafP (Fig. 4) . The effects were classified into two types. The first one was observed for CafP and FP (Fig. 4A, B) . During the preparation of tuber disks, CafP and FP were detected only at trace levels, but their concentrations increased in a time-dependent manner in control tissues. Elicitor treatment 24 h after the preparation slowed the accumulation of these compounds. The slowdown in the elicitor-treated tissue was evident from 42 h, i.e. 16 h after the treatment, when the level of p-CO started to decrease. The levels at 72 h were about a half of those detected in the control both for CafP and for FP.
The second type of effect was observed for CGA. The initial level of chlorogenic acid was considerably higher than that of p-CO, CP and FP (24 nmol (g FW) -1 ), and it increased to about 75 nmol (g FW)
-1 up to 24 h after the preparation of disks. Thereafter, no further increase was observed in the control tissue during the experimental period. The elicitor treatment caused a gradual decrease in chlorogenic acid to the initial level in 72 h (Fig. 4C) .
These results indicated that the effects of the treatment with β-1,3-glucooligosaccharide elicitor on the potato phenylpropanoid pathway are complicated, involving not only the accumulation of tyramine and octopamine amides but also a decrease in the pool size of putrescine amides and CGA.
Metabolic flux analysis of the phenylpropanoid metabolites in potato tuber
A metabolic flux analysis was performed to examine the regulation of the phenylpropanoid pathway in elicitor-treated potato tissue. The method used for the analysis was developed in our previous study, with the biosynthetic (J in ) and catabolic (J out ) flux of the phenylpropanoid metabolites evaluated using the stable isotope labeling technique (Matsuda et al. 2003) . Potato tuber was cut into disks and incubated for 24 h at 18°C, then treated with an aqueous solution of β-1,3-glucooligosaccharide elicitor for 12 h. The metabolic flux at this time point was analyzed, because the activity of p-CO biosynthesisrelated enzymes such as phenylalanine ammonia lyase (PAL) and tyramine hydroxycinnamoyl-CoA:tyramine N-(hydroxycinnamoyl)transferase (THT) has been shown to reach a maximum 12 h after the elicitor treatment (Matsuda et al. 2000) . The metabolic fluxes at other time points were not analyzed, because of the limited number of samples available from a single tuber. The sample disks were then treated with an aqueous solution of L-phenyl-d 5 -alanine (Phe*) and incubated under the 
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same conditions. The applied Phe* was thereafter incorporated to give deuterium-labeled phenylpropanoid metabolites (Table  1 ). In the case of p-CO, p-CO possessing four deuterium atoms (p-CO*) was synthesized de novo from Phe*. The levels of p-CO (mol. wt 299 Da) and p-CO* (mol. wt 303 Da) in the tissue were determined separately using high-performance LC-MS. The level of p-CO* increased in a time-dependent manner and the isotope abundance of p-CO (C p-CO = [p-CO*]/([p-CO] + [p-CO*])) was calculated from the peak areas of unlabeled and labeled compounds. Mass numbers for the detection of labeled and unlabeled forms of the seven metabolites considered in this study are listed in Table 1 .
The isotope abundance of p-CO at time t (C p-CO ) can be expressed by the following equation.
( 1) In Equation (1), C p-CO is the isotope abundance of p-CO, C Phe is the isotope abundance of precursor L-phenylalanine, Table 2 The results of metabolic flux analysis of phenylpropanoid metabolites in control and elicitor-treated potato tuber tissue at 12 h after the elicitation
is the pool size of the metabolite at the time of Phe* treatment, and v is the speed of increase or decrease in the pool size (J in -J out ). Values V(0) and v were determined from time-dependent changes of the metabolite. C Phe is the isotope abundance of precursor Phe. r is the correlation coefficient of Equation (1). J in and J out are metabolic fluxes of the formation and conversion of the target compounds, respectively. C Phe , J in , and J out were obtained by non-linear regression analysis. n.d., not determined. (0) is the pool size of p-CO at the time of Phe* application, and v is the difference between J in and J out (J in -J out ). The values of V(0) and v are determined from the time course analysis of the p-CO level in the tissues (Matsuda et al. 2003) .
The time-dependent change in C p-CO in the control tissue was as shown in Fig. 5 . This curve was fitted to Equation (1) using a non-linear regression analysis. A good correlation was obtained (R = 0.95), and the values J in = 0.98 nmol (g FW)
and C Phe = 0.62 were obtained (Table 2) . J out was calculated from the equation (J out = J in -v). The same method was applied to other metabolites, and the metabolic fluxes (J in and J out ) of seven metabolites were determined successfully in a single experiment ( Table 2) .
Validation of the metabolic flux analysis Isotope effect. In metabolic flux analysis using the stable isotope labeling technique, it is essential to use a labeled compound with sufficiently higher molecular weight than the naturally occurring one for clear distinction. In the case of p-CO (mol. wt 299 Da), stable isotope-labeled forms with mol. wts of 300, 301 and 302 Da exist in ratios of 19.1, 2.55 and 0.25%, respectively. Isotopically labeled L-phenylalanine with a larger molecular weight by at least 3 mass units was necessary as the precursor for the calculation of isotope abundance, and the commercially available compound, Phe*, was used in this study. However, on this occasion, the deuterium isotope effect on the rate of metabolic conversion (the ratio of rate constants k H /k D >1) should be considered. If the rate of reaction for a deuterium-labeled compound could be substantially lower than that of a non-labeled one as to the rate-limiting step of phenylpropanoid pathways in potato, the metabolic flux value calculated based on the isotope ratio of a compound would not represent the actual metabolic activity. As is discussed in a previous report (Matsuda et al. 2003) , it has been considered that PAL, catalyzing the first step in the reaction from phenylalanine to cinnamic acid, plays a regulatory role in the overall phenylpropanoid pathways, and this reaction is most likely to be rate limiting (Cunha 1987 , Howles et al. 1996 . The kinetic deuterium isotope effect for the PAL-catalyzed reaction has been determined to be 9% (k H /k D = 1.09), which is relatively small, compared with the experimental errors in this study. Therefore, we consider that the obtained metabolic flux values in this study are practically free from the isotope effect.
If a hydroxylation step of the aromatic ring in L-phenylalanine that involves C-H bond cleavage should be rate limiting in the phenylpropanoid pathways in potato, the isotope effect could be significant, and the derived metabolic flux values would be smaller than the actual ones. To our knowledge, however, there has been no evidence to support the occurrence of a rate-limiting hydroxylation step in the pathways. The obtained flux values all appear to be in the physiologically reasonable range, and it seems likely that utilization of deuterium-labeled L-phenylalanine had little influence on the flux analysis of target metabolite in this study. Indeed, utilization of multi-labeled [ 13 C]phenylalanine would be favorable for further study to widen the scope of target phenylpropanoid metabolites for the analysis, as the isotope effect for a carbon atom is theoretically much smaller than that for a hydrogen atom.
CGA as intermediates of other phenylpropanoids. The metabolic flux analysis in this study assumed that all intermediates in the phenylpropanoid pathway occurred in very small amounts (Matsuda et al. 2003) . Based on the assumption, the multi-step reactions in the biosynthetic pathways shown in Fig.  3 were regarded as a one-step reaction for the application of the method described above. This assumption was almost valid, since the levels of all the intermediates of both phenylpropanoid pathways in the tuber tissue were below the detection limit (about 0.05 nmol (g FW) -1 ) by HPLC-UV and LC-MS analysis during the experimental period (data not shown). However, a special consideration is required for CGA, since CGA is not only one of the most abundant phenylpropanoid metabolites in potato tissue (Fig. 4C) , but also the possible intermediate for other phenylpropanoids CafP, FP, FO and FT (Fig. 3) . If the conversion of CGA to CafP, FP, FO and FT via caffeoyl-CoA occurs significantly, the model to derive Equation (1) is not validated. The absence of significant conversion of CGA to caffeoyl-CoA is also important for the flux determination of CGA biosynthesis. The multiple pathways from pcoumaroyl-CoA to CGA, proposed as described above, can be modeled as a single combined pathway only when the conversion of CGA to caffeoyl-CoA is negligible.
As shown in Fig. 5 , the isotope abundance of CGA was <0.1 both in control and in elicitor-treated tuber tissue during the experimental period. Therefore, the conversion of CGA to FO, FT, CafP and FP should more or less lower the maximal isotope abundance (C phe ) of these metabolites, compared with the case where they are derived by a single pathway from Lphenylalanine, such as p-CO and p-CT. In the control tissue, the actual C phe values obtained for FO and FT were close to those of p-CO and p-CT, and the conversions from CGA to the above four amide compounds could be reasonably neglected. On the other hand, the C phe values of FO and FT were significantly smaller than those of p-CO and p-CT in the case of elicitor-treated potato tuber ( Table 2) . The difference was about 0.2. This suggests that the incorporation of CGA into FO and FT was not negligible in the elicitor-treated tissue. Even under these conditions, the model to derive Equation (1) is still valid, if the isotope abundance of CGA is constant throughout the experimental period. So, in this study, we calculated the J in values for CafP, FP, FO and FT in the elicitor-treated tissues using Equation (1), assuming that the isotope abundance of CGA is constant. In reality, the observed isotope abundance of CGA did increase in a time-dependent manner, and Equation (1) is not valid for the metabolism in the elicitor-treated tissue, in a strict sense. However, the increase during the experimental period was small, compared to other metabolites, which may be regarded as constant. Therefore, we consider the obtained J in values in this study to be not so unrealistic. The refinement of the method for labeling dynamics is still required for more accurate analysis, and is now in progress.
If the incorporation of CGA into FO and FT was not negligible in the elicitor-treated tissue, it could be deduced that three pathways concerning CGA, CGA→caffeoyl-CoA, caffeoylCoA→CGA and p-coumaroyl-CoA→CGA, are actively operated under these conditions. In this case, our assumed model for the analysis cannot be applied, and the flux values obtained for CGA would be invalid. We have no evidence at present of whether such multiple pathways do occur in potato or not, and to what extent each pathway is active, if at all. However, it should be noted that the flux analysis in this study indeed has a limitation, due to the simplification of complicated secondary metabolic pathways in a plant. Here, the calculation of flux values for CGA was done, based on the model that only takes the conversions into CGA from p-coumaroyl-CoA and caffeoylCoA into account.
Effects of elicitor treatment on the metabolic flux of the phenylpropanoid metabolites in potato tuber tissue
The effects of elicitor treatment on the metabolic flux of the phenylpropanoid metabolites in potato tuber 12 h after the treatment are shown in Table 2 and summarized in Fig. 6 . The data in Table 2 do not agree with the time course shown in Fig.  4 , because the respective data were obtained by separate experiments using different tubers. In control tissue, both V(0) and v were larger for CafP, FP and CGA than for p-CO, FO, p-CT and FT. This indicated that the pools of CafP, FP and CGA rapidly increased in size, while those of p-CO, FO, p-CT and FT remained small (Fig. 4) . The biosynthetic fluxes (J in ) of CafP and FP were 1.14 and 1.22 nmol (g FW)
-1 h -1 , respectively, which were similar to the value for p-CO (0.97 nmol (g FW) -1 h -1 ) as shown in Table 2 and Fig. 7A . In spite of the fact that CGA was present in a large amount in the tissue, the J in of CGA was only 0.38 nmol (g FW) -1 h -1 , the same level as that of p-CT and FT (0.34 and 0.25 nmol (g FW)
-1 h -1 , respectively). Among the target metabolites, FO was synthesized most actively in the control tissue. Its biosynthetic flux reached 3.37 nmol (g FW) -1 h -1 which is nine times as high as that of CGA. These results clearly indicated that levels of metabolites in the tissue depend not simply on biosynthesis (J in ) but on the balance between J in and J out (Matsuda et al. 2003) .
In the cases of p-CO, FO, p-CT and FT, values of J out were very close to those of J in . This means that almost all newly synthesized components were rapidly metabolized, so they accumulated in only small amounts. In contrast, J out values of CafP, FP and CGA were 43, 11 and 74% of the J in values, resulting in a significant accumulation of these components.
The treatment with β-1,3-glucooligosaccharide elicitor caused a drastic change in the profile of metabolic flux (Table  2 , Fig. 6B ). The J in of CafP and FP decreased to 0.14 nmol (g FW)
-1 h -1 , which was only 12% of that of the control. The J out of CafP and FP decreased concomitantly. These changes in flux caused a decrease in the accumulation speed (v) of CafP and FP (Fig. 4A, B) . The J in of CGA was also decreased to 0.14 nmol (g FW) -1 h -1 (36% of control), while its J out was increased to 0.69 nmol (g FW) -1 h -1 (247% of control). This caused the decrease in the level of CGA in elicitor-treated potato tuber tissue (Fig. 4C) .
As discussed above, the determination of J in and J out of CGA in elicitor-treated tissue could have been inaccurate, because our assumed model for the analysis may be invalid concerning the formation and conversion of CGA on this occasion. However, it is reasonably certain that J in of CGA decreases after elicitor treatment. The down-regulation of CGA biosynthesis is indicated not only by the change in the CGA level, but also by the transient decrease in the activity of CQT, an enzyme involved in the biosynthesis of CGA in elicitortreated potato tuber tissue, as described below (Fig. 7A) .
The J in values of octopamine and tyramine amides, p-CO, FO, p-CT and FT, were markedly increased by the elicitation. The increase was most prominent for that of p-CO, which reached 8.74 nmol (g FW) -1 h -1 and was about nine times as much as the value in the control. A similar increase in J in was observed for p-CT. It was noted that J out values of p-CO and p-CT were also increased by the elicitation, but the balance between synthesis and catabolism (J out /J in ) decreased slightly to 0.84 and 0.94, respectively. This accounted for the accumulation of p-CO and p-CT in the elicitor-treated potato tuber. In the cases of FO and FT, the treatment with the elicitor increased J in by only 1.05-and 2.2-fold, respectively.
Although the present analysis is performed based on the pathways schematized in Fig. 3 , it may also be possible that FP is synthesized from CafP by methylation, and that FO and FT are derived from p-CO and p-CT, respectively, by oxidation followed by methylation. To our knowledge, these pathways have never been demonstrated in potato. The observed kinetics of isotope incorporation also suggest that the contribution of these alternative pathways to the formation of the respective metabolites may be small. As is shown in Fig. 5 , the isotope abundance increased in a very similar manner between FP and CafP. The increase curve of FO was also in good agreement with that of p-CO in control tissue. The absence of delay in the increase pattern is incompatible with the serial relationship in a biosynthetic pathway between these pairs of metabolites. On the other hand, there appears to be a significant difference between FT and p-CT, and the increase for FT clearly occurred behind that for p-CT. The tendency is more obvious in the elicitor-treated tissue, in which the increase in isotope abundance of FO was also delayed compared with that of p-CO. These phenomena may indicate the presence of pathways additional to those in Fig. 3 for the biosyntheses of these metabolites in potato, the activity of which could be markedly enhanced by the elicitor treatment. Obtained J in values of FO and FT are smaller than J out of p-CO and p-CT, respectively, in the elicitortreated tissue, so it is likely that the contribution of the pathways from p-CO to FO and from p-CT to FT is partial, if any. Further studies are required to elucidate the biosynthetic pathways of these feruloyl amide compounds in more detail. It should be noted that even if FO and FT were to be synthesized from p-CO and p-CT in part, the pathways in Fig. 3 from Lphenylalanine to p-CO, p-CT, CGA, CafP and FP remain unchanged, and the obtained J in and J out values of these metabolites are not affected.
The results of the metabolic flux analysis indicated that the biosynthesis of metabolites possessing the p-coumaroyl moiety was selectively activated in the elicitor-treated potato tuber tissue (Table 2 , Fig. 6B ). The J in and J out values for octopamine and tyramine amides were close to each other, so these amides were likely to be rapidly converted to other compounds after their formations. From the viewpoint of metabolic flux among the seven metabolites, it was suggested that tyramine and octopamine amides play a more important role than CGA, FP or CafP in the defense response of potato.
In plants, the hydroxycinnamic acid amides with octopamine and tyramine are converted to form a suberin-like polymer in the cell wall, which functions as a physical barrier against pathogens (Negrel et al. 1993 , Negrel et al. 1996 , Bernards and Lewis 1998 , Bernards and Razem 2001 , Hagemeier et al. 2001 . It has been demonstrated that the reinforcement of the cell wall represents an important factor in the defense responses Lherminier 1987, Matern et al. 1995 ). Bernards and co-workers purified an anionic peroxidase from potato, which catalyzed the polymerization of hydroxycinnamic acid amides (Bernards et al. 1999) . They showed that all the metabolites examined in this study could be the substrates for this enzyme. The catalytic activity against FP and FO, however, was shown to be almost the same, which is inconsistent with the substrate specificity suggested by J out values for these two compounds in this study ( Table 2 ). The presence of multiple isozymes of peroxidase in potato tissues (Bernards et al. 1999 ) may account for this apparent inconsistency, and further characterization of the enzymes involved in the reinforcement of the cell wall is needed for an understanding of plant defense responses.
Regulatory mechanism for the selective biosynthesis of p-CO and p-CT in elicitor-treated potato tuber tissue
The metabolic flux analysis in this study has successfully represented the change in the activity of the phenylpropanoid pathway in elicitor-treated potato tuber in a quantitative manner. The treatment with β-1,3-glucooligosaccharide elicitor induced a drastic increase in the biosynthetic flux of p-CO and p-CT, and a decrease in that of CGA, CafP and FP (Table 2, Fig. 6 ). The biochemical basis for this change is considered to be as follows.
The activity of the biosynthesis-related enzymes and their substrate specificity were the most likely regulatory factors. Nakane et al. (2003) demonstrated that the expression of mRNA encoding THT was up-regulated in potato tuber tissue by the treatment with an elicitor derived from potato blight fungus P. infestans. The activation was transient and the expression level returned to that of the control at 12 h after the elicitation. It has been shown that the activities of PAL, 4-hydroxycinnamic acid:CoA ligase (4CL) and THT are transiently increased by the elicitor treatment and reached a maximum after 12 h in potato tuber (Matsuda et al. 2000) . The activation of these enzymes was, however, only 2-to 3-fold compared with the control tissues. On the other hand, the biosynthetic flux (J in ) of p-CO and p-CT was increased 8-to 10-fold by the elicitation and these levels reached a maximum after 24 h (48 h after the sample preparation; Fig. 4C ), suggesting that other factors are also important for the regulation.
In this regard, the kinetic parameters of THT in the extracts from control and elicitor-treated tuber were compared. The THT activity of both origins had essentially the same parameters when p-coumaroyl-CoA was used as the substrate, providing no substantial evidence of a change in the isozyme composition with different catalytic activity after the elicitor treatment (data not shown).
The activation of PAL and 4CL by the elicitor should increase the supply of p-coumaroyl-CoA that is the common substrate for CST and CQT, in addition to THT (Fig. 3) . CST and CQT catalyze the synthesis of p-coumaroylshikimate and p-coumaroylquinate, respectively Zenk 1979, Hoffmann et al. 2003) , and are regarded as distinct protein molecules in potato (Rhodes et al. 1979) . The regulation of CST and CQT activity could have an indirect effect on the biosynthetic flux (J in ) of p-CO and p-CT. Fig. 7 shows the timedependent changes of CST and CQT activity. The activity of CQT was constantly detected in control tissues and transiently decreased to about 50% of the control by the elicitor treatment (Fig. 7A) . The decrease in CQT activity accounts for the drop in the biosynthetic flux (J in ) of CGA in elicitor-treated tissues (Table 2 ). In contrast, the activity of CST detected in the tissue just after the sample preparation was marginal, but it increased in a time-dependent manner without elicitation. The activity reached a maximum at 36 h after the sample preparation. The elicitor treatment caused a slight decrease in the activity. The assay results showed that the activities of CQT and CST were both more or less down-regulated by the elicitor treatment. Consequently, the metabolic flux from p-coumaroyl-CoA to the caffeoyl and feruloyl metabolites was lowered, and this regulation contributed to the drastic increase in the biosynthetic flux of p-CO and p-CT (Table 2, Fig. 6 ). The change in the activity of putrescine hydroxycinnamoyl transferase (Negrel et al. 1992 ) by the elicitor treatment should be monitored for a more detailed analysis, though a quantitative assay has not been achieved due to low and unstable activity in potato tissue. 
Effects of elicitor treatment on the biosynthesis of tyramine and octopamine
The metabolic flux analysis showed that p-CO and p-CT were most actively synthesized in the elicitor-treated tuber tissues. This suggests that the biosynthesis of octopamine and tyramine, the precursors of p-CO and p-CT, is also activated by the elicitor treatment. Of these two compounds, tyramine is a well known component in potato, and is produced by the decarboxylation of tyrosine. On the other hand, octopamine is a relatively unusual component in plants (Wheaton and Stewart 1970, Szopa et al. 2001) . Octopamine is most likely to be synthesized by the oxidation of tyramine, but its biochemical basis has not been examined in detail. Although we previously demonstrated that the octopamine moiety of p-CO in potato tuber tissue was also derived from L-tyrosine (Matsuda et al. 2000) , the issue of whether the tyramine from tyrosine first undergoes oxidation then the coupling with p-coumaroyl moiety, or the coupling occurs first then the oxidation follows, remained unclear.
In order to clarify this issue, tracer analyses using isotopelabeled tyrosine and tyramine were performed. When the elicitor-treated potato tuber disks were fed with L-[ 14 C(U)]tyrosine for 3 h, radioactivity was detected in tyramine (incorporation rate, 1.2%) and octopamine (0.13%), in addition to p-CO (1.5%). When the disks were fed with [1-
14 C]tyramine, the incorporation of 14 C was observed in octopamine (1.7%) and p-CO (1.5%). These results indicate that octopamine in potato tuber is synthesized from L-tyrosine via tyramine, like in animals, and then incorporated into p-CO.
The kinetic parameters of the enzyme reaction in vitro indicated that THT could utilize octopamine and tyramine as substrates with almost the same efficiency (Hohlfeld et al. 1995) . This may suggest the occurrence of an alternative pathway for p-CO biosynthesis in which p-CT is oxidized to p-CO. However, metabolic flux analysis in this study demonstrated that the J in of p-CO is much greater than the J out of p-CT, which strongly supports that p-CO was directly synthesized from octopamine.
The time course of the levels of tyramine and octopamine after the elicitor treatment gave distinct profiles. As shown in Fig. 8 , the levels of tyramine and octopamine in tuber tissue were about 5 nmol (g FW) -1 at the time of sample preparation. They increased slightly up to 24 h. The elicitor treatment at 24 h caused a remarkable increase in the tyramine level up to 48 h, reaching a maximum of about 90 nmol (g FW) -1 (Fig. 8A) . The tyramine level then decreased to approximately half of the maximum by 72 h. This profile was similar to that of the p-CO level (Fig. 4D) . Tyramine is widely distributed in plants (Wheaton and Stewart 1970) , and has been shown to have adrenergic activity against animal nerve systems. It is therefore likely that tyramine plays a defensive role against herbivores in plants. Tyramine is also supposed to contribute to the defense against pathogenic microbes, although its antimicrobial activity has not been examined in detail.
In contrast to the case of tyramine, the elicitor treatment had no effect on the levels of octopamine (Fig. 8B) . The octopamine levels in the tuber tissue changed in almost the same manner both in the control and in the elicitor-treated tuber disks, remaining below 5 nmol (g FW) -1 throughout the experimental period. This suggests that the oxidation of tyramine is slower relative to the incorporation of octopamine into p-CO, i.e. the octopamine produced from tyramine is rapidly converted into p-CO so that the concentration of octopamine is kept at a relatively low level.
Conclusion
The metabolic flux analysis using stable isotope labeling and LC-MS detection demonstrated the regulation of the phenylpropanoid pathway in elicitor-treated potato tuber in a quantitative manner. The result clearly indicates that a selective activation of p-CO and p-CT biosynthesis (J in ) occurs in the elicitor-treated tuber tissue and that the two compounds are rapidly converted (J out ) to other metabolites (Table 2, Fig. 6 ). Consequently, it was suggested that the metabolism of tyramine and octopamine amides might play a more important role than the accumulation of CGA, FP and CafP in the overall defense responses of potato. Thus, the importance of the determination of metabolic flux is emphasized in that it reveals new aspects of the physiological roles of metabolites as well as of the regulation of metabolic pathways. The correlation between metabolic flux and other regulatory factors such as the expression of the phenylpropanoid genes (Raes et al. 2003 ) and the activity of enzymes needs to be investigated further for understanding of the regulatory mechanisms of the phenylpropanoid pathway. 
Materials and Methods

Plant material
All potato tubers (Solanum tuberosum cv. Eniwa) used in this study were stored at 4°C for a minimum of 6 months following harvesting.
Chemicals
Laminarin from Laminaria digitata was purchased from Sigma Chemical Co. (Memphis, TN, ) were purchased from MEN Life Science Products, Inc. (Boston, MA, U.S.A.). p-Coumaroyl-CoA was synthesized by the previously described method Zenk 1975, Zenk et al. 1980) Other chemicals were all purchased from Wako Pure Chemical (Osaka, Japan).
Synthesis of caffeoylputrescine and feruloylputrescine
Caffeic acid (0.8 mmol) was dissolved in dry pyridine (8 ml). Subsequently, Boc-NH-(CH 2 ) 4 NH 2 (0.8 mmol) and N,N′-dicyclohexylcarbodiimide (1.0 mmol) were added and the reaction mixture was left at room temperature for 24 h. Pyridine was removed by evaporation in vacuo. The residue was suspended in 10 ml of methanol, and dicyclohexylurea was filtered off. Following the removal of methanol by evaporation under reduced pressure, the residue was dissolved in 10 ml of chloroform and washed with 10 ml of aqueous sodium hydrogen carbonate (1.0 M). The organic phase was dried and chloroform was evaporated. The residue was dissolved in 1.0 ml of chloroform : methanol (3 : 2 v/v) and applied to a silica gel (Kieselgel 60; 40-63 µm; Merck) column. The column was eluted with chloroform : methanol (3 : 2 v/v). Fractions containing N-Boc-N′-caffeoylputresine were pooled and the solvent was evaporated. The residue (135 mg) was dissolved in 1.0 ml of methanol, and 0.5 ml of trifluoroacetic acid (TFA) was added. Following incubation at room temperature for 30 min, the solvent was evaporated. The residue was dissolved in 5 ml of water and washed twice with 5 ml of ethylacetate. 
Elicitor treatment
The internal part of the tuber was cut into disks (4.5 mm in diameter, 2 mm thick), and washed with water for 30 min. Washed disks were incubated at 18°C in the dark under wet conditions for 24 h prior to treatment. A 10 µl aliquot of an aqueous laminarin (1.0 mg ml -1 ) was applied to potato tuber disks that were then incubated for a specified time.
Extraction and HPLC analysis
Three disks were combined, weighed, and extracted with 2.5 ml of water containing 2% acetic acid at 100°C for 10 min. The extracts were centrifuged at 7,000×g for 10 min. Seven phenylpropanoid metabolites in the supernatants were quantified using an LC-MS system equipped with an atmospheric pressure chemical ionization (APCI) interface (HPLC: Shimadzu LC-10VP system, MS; Shimadzu LCMS-2010). The analytical conditions were as follows; HPLC; column: Cadenza CD-C18, Imtact Co., Kyoto, Japan, 4.6×30 mm; solvent system: methanol/water containing 0.1% TFA, changed linearly from 20/80 to 90/10 in 6 min, flow rate: 0.5 ml min -1 , temperature: 35°C, MS detection; APCI temperature: 400°C, CDL temperature: 250°C, block heater temperature: 200°C, probe voltage: +4.5 kV, Qarray voltage: scanning mode, nebulizing gas flow: 2.5 liters min -1 , detection mode: selected ion monitoring (SIM). The m/z values for the detection of metabolites are listed in Table 1 .
For the quantification of tyramine and octopamine, 100 µl of the supernatant was treated with dansyl chloride and subjected to HPLC as reported previously (Matsuda et al. 2000) .
Metabolic flux analysis
L-Phenyl-d 5 -alanine tracer experiments for flux determination were examined by a method described previously (Matsuda et al. 2003) . The m/z values for the detection of seven metabolites and their stable isotope-labeled forms are listed in Table 1 Enzyme activity assay for CQT and CST
Ten disks (about 1.5 g) were homogenized with sea sand in four volumes of 0.1 M sodium phosphate buffer (pH 7.6) containing EDTA (1.0 mM) and 2-mercaptoethanol (14.4 mM). The homogenate was centrifuged at 15,000×g for 15 min and solid (NH 4 ) 2 SO 4 was added to the supernatant to 30% saturation, then the mixture was stirred for 30 min. After the precipitate was removed by centrifugion at 15,000×g for 15 min, solid (NH 4 ) 2 SO 4 was added to the supernatant to 80% saturation, then the mixture was stirred and centrifuged under the same conditions. The precipitate was re-dissolved in 2.0 ml of extraction buffer and desalted on a PD-10 column (Amersham Pharmacia Biotech AB. Uppsala, Sweden). The protein fraction was used as the crude enzyme extract. The reaction was initiated by adding 20 µl of 1.2 mM p-coumaroyl-CoA to a solution composed of 100 µl of 0.1 M Na-Pi buffer (pH 7.6), 20 µl of 10 mM quinic acid (for CQT assay) or shikimate (for CST assay), and 60 µl of crude enzyme extract. The suspension was incubated for 30 s at 35°C, and the reaction was stopped by adding 10 µl of 1 M HCl. Following dilution with 180 µl of MeOH, the amounts of p-coumaroylquinate (for CQT) and p-coumaryolshikimate (for CST) were determined by HPLC, as described above. Peaks were identified by the LC/MS/MS method described by Clifford et al. (2003) .
Feeding experiments with L-[
14 C(U)] tyrosine and [1-14 C]tyramine
A 10 µl aliquot of L-[ 14 C(U)]tyrosine (3.7 MBq ml -1 in ethanol : water (2 : 98), 18.4 GBq mmol -1 ) or [1-14 C]tyramine (3.7 MBq ml -1 in 0.01 M HCl, 1.67 GBq mmol -1 ) was applied to the tuber disks at 21 h after treatment with a 10 µl aliquot of laminarin solution (1.0 mg ml -1 ). The disks were incubated for 3 h. The disks were extracted and analyzed by HPLC for the quantification of phenolic amides, as described above. The HPLC eluents were collected every 30 s. The radioactivity of each fraction was determined with a liquid scintillation counter (ALOKA LSC1000), after 3 ml of scintillation cocktail (Aquasol-2; Packard Instrument Co., Meriden, CT, U.S.A.) was added.
